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ABSTRACT 

We estimate the detection efficiency of binary gravitational lensing events through the channel of high- 
magnification events. From this estimation, we find that binaries in the separations ranges of 0.1 ^ s < 10, 
0.2 ^s<5, and 0.3 < i < 3 can be detected with ^ 100% efficiency for events with magnifications higher than 
A = 100, 50, and 10, respectively, where s represents the projected separation between the lens components 
normalized by the Einstein radius. We also find that the range of high efficiency covers nearly the whole mass- 
ratio range of stellar companions. Due to the high efficiency in wide ranges of parameter space, we point out 
that majority of binary-lens events will be detected through the high-magnification channel in lensing surveys 
that focus on high-magnification events for efficient detections of microlensing planets. In addition to the high 
efficiency, the simplicity of the efficiency estimation makes the sample of these binaries useful in the statistical 
studies of the distributions of binary companions as functions of mass ratio and separation. We also discuss 
other importance of these events. 
Subject headings: gravitational lensing 



1. INTRODUCTION 

If a star is gravitationally microlensed by a lens system 
composed of two masses, the resulting light curve can dra- 
matically deviate from the smooth and symmetric one of a 
single-lens event. This deviation is caused by the formation 
of caustics for binary-lens systems. The caustics represent the 
source positions at which the lensing magnification of a point 
source becomes infinite. The set of caustics forms one, two, 
or three close curves each of which is composed of concave 
curves that meet at points. By analyzing the light curve of a 
binary-lens event, it is possible to obtain information about 
the lens system because the structure of the caustic system 
and the resulting light curve vary depending on the mass ra- 
tio and the projected separation between the components of 
binary lenses. 

Sin ce the pioneering work by IChang & Refsdall (119801 
119841) . binary le nsing has been a s u bject of intense the- 
oretical studies. [Schneider & WeissI (119861) made a com- 
prehensive study of binary lenses in or d er to learn about 
caustics in quasar macrolensing. iWittI (119901) developed 
a simple al gorithm for finding caustics of binary lenses. 
IWitt & Mad d 19951) studied lensing magnification inside caus- 
tic and found that the minimum magnificati on when the 
source is inside a caustic is greater than 3. iRhid (119971) 
found that the maximum number of images for multiple-lens 
systems. With the beginning of microlensing surve ys, the- 
oretical studies became even more active. Ga udi & Gouldl 
([1997) pointed out that m icrolensing is an efficient m ethod 
to detect close binaries. iDi Stefano & Pernal (119971) men- 
tioned various c hannels of detecting binaries including re- 
peating events. iDominikI ([T999b) studied the lensing be- 
havior in the extreme cases of binary separations and mass 
ratios. Dominik (1999a) and Albrow et al. (1999b) men- 
tioned possible deg eneracies in modeling light curv es of 
binary-lens events. iHan. Chun. & Chand ( 11999.) and iHanl 
OOOl) studied the as trometric behavior of binary-lens events. 
iBozza (i2000l 1200 Ih derived analytic expressions for the 
location of caustics and studied the motion of images of 



microlensed stars. iGaudi & PettersI ( l2002albl) investigated 
the photometric and ast rometric behavi o rs in the region 
very close to caustics. iGraff & Gouldl (120021) devised a 
method to measure the mass of the binary-lens system 
from the analysis of light curves of caustic-crossing events. 
In addition to the theoretical studies, binary-lens events 
were actual ly detected fr om v arious surveys ( Udalski et ap 
rT994l.fT99llAlcock et al.lll999l:lAlard. Mao & Guibert 1995F 
Afonso et al. 2000; Albrow et al. r999a, 2000, 2001; An et al] 
2002; Smith et al. 2002; Albrow et al. 2002; Abe et al. 20031 
Kubas et al. 2005; Jaroszvnski et al. 2004; Cassan et al. 200l; 
Jarosz vnski et al . 2005, 2006). 

With the active researches in both theoretical and observa- 
tional fields, binary microlensing has developed into a useful 
tool to study stellar astrophysics. The most active field of 
application is the stellar atmosphere for which microlensing 
is used to probe detailed structures on the surface of source 
stars by using the high resolution of causti c-crossing events 
(I Albrow et al.lll999aL]200H lAbe et al.ll2003h . 

Microlensing can also be used to probe the distributions of 
binary companions of Galactic stars as functions of mass ra- 
tio and separation. These binary distributions provide impor- 
tant observational constraints on theories of star formation. 
Since microlensing is sensitive to low-mass companions that 
are difficult to be detected by other methods, it is in princi- 
ple possible to make complete distribution down to the lower 
mass limit of binary companions. Despite the importance, 
the progress of this application of binary lensing has been 
stagnant. There are two main reasons for this. The first rea- 
son is caused by the difficulty in estimating the detection ef- 
ficiency of binary-lens events. In previous lensing surveys, 
most binary-lens events were discovered through the channel 
of caustic-crossing events, in which the caustic crossings were 
accidently discovered from the sudden rise of the source star 
flux. Due to the haphazard nature of caustic crossings, it was 
difficult to estimate the detection efficiency that is essential 
for the statistical studies of binary companions. The second 
reason is that microlensing is mainly sensitive to binaries over 
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a narrow range of projected separations. This limits especially 
the study of the distribution of binary separations. 

When the first m icrolensing s urveys 

(IMACHO: Alcock et al.l [19931: IIOS: Aubo urg et all \l993 
were started, the prime scientific goal was constraining 
the Galactic dark matter in the form of massive compact 
halo objects. However, the most important science of 
the current lensing surveys ("OGLE: Udalski et al 
MOA: Bond et al. 2002; PLANET: Beaulieu etH] 
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/xFUN: Yoo et ah i200 4) is detections of extrasolar planets. 
With the change of the goal, the observational strategy of the 
surveys also changed. These changes include the employ- 
ment of early warning system and the operation of follow-up 
observations. Another important change is the adoption of 
an observational strategy focusing on high-magnification 
events for which the prob ability of planet detection is high 
(iGriest & Safiza deh'HW). 

In this paper, we emphasize the importance of binary-lens 
events to be detected through the high-magnification chan- 
nel, especially for the statistical studies of Galactic binaries. 
We demonstrate the high efficiency of the high-magnification 
channel to binaries in a wide range of parameter space and the 
simplicity of the efficiency estimation. We also discuss other 
importance of these events. 

2. BINARY CAUSTICS 

The number, size, and shape of caustics induced by binary 
lenses vary depending on the mass ratio, q, and the projected 
separation, s, between the lens components in units of the Ein- 
stein radius corresponding to the the total mass of the binary, 
9e- It is customary to divide the topology of binary caustics 
into three categories of intermediate, close, and wide binaries. 

Intermediate binaries refer to the case for which the 
separation between the lens components is in the range 
(lErdl & Schneideii[T99l 

(1 +^)'/4(l +^V3)-3/4 ^ ^ < (1 +^)-l/2(l +^1/3)3/2. (1) 

In this case, there exists a single large caustic with six cusps. 
Caustics induced by intermediate binaries are often referred as 
resonant caustics because they are produced when the binary 
separation is similar to the Einstein radius of the lens system. 

Close binaries refer to the case for which the separation is 
smaller than those of intermediate binaries. In this case, there 
are a single major caustic with four cusps and two small outly- 
ing caustics with three cusps. The center of the major caustic 
is located approximately at the center-of-mass of the binary 
system. The size of the central caustic becomes smaller as the 
separation becomes smaller. In the limiting case of a close bi- 
nary with i ^ 1, the lensing behavior is approximated as that 
of a single lens with a mass equivalent to the total mass of the 
binary and the location at the center of mass of the binary. 

Wide binaries refer to the case for which the separation 
is larger than those of intermediate binaries. In this case, 
there exist two four-cusp caustics each of which is associated 
with each lens component. The size of each caustic becomes 
smaller as the separation increases. In the limiting case of 
i 1, the lensing behavior is approximated as that of two 
independent single lenses located at the positions of the indi- 
vidual lens components. 

3. DETECTION EFFICIENCY 

In this section, we demonstrate that high-magnification 
events provide an important channel to detect binary compan- 



ions in wide ranges of binary parameters. For this, we con- 
struct the distributions of efficiency as functions of the binary 
separation and the mass ratio. 

The efficiency is estimated as follows. For a binary with a 
given set of the projected separation s and the mass ratio q, 
we produce many light curves of binary-lens events resulting 
from source trajectories with impact parameters and orienta- 
tion angles with respect to the binary axis distributed in the 
ranges of mq < Mo,th and < q < Itt, respectively. Here wo.th 
represents the threshold impact parameter to the source tra- 
jectory corresponding to a threshold magnification A±, which 
represents the minimum magnification required for intensive 
follow-up observations. For each binary-lens light curve, we 
also produce a single-lens light curve that approximates the 
light curve of the binary event. We then compare the two light 
curves and compute the fractional deviation e = (A-AJ/As, 
where A and As represent the lensing magnifications of the 
binary and single-lens events, respectively. We then estimate 
the detection efficiency as the fraction of events with frac- 
tional deviations greater than a threshold value, eth, among 
the total number of tested events. To see the distribution of 
efficiency, we repeat the procedure for binaries with different 
values of s and q. 

Caustics induced by close or wide binaries can be very 
small and thus perturbations induced by such caustics are 
vulnerable to the effect of finite source size. We therefore 
consider the effect in our efficiency computation. For this, 
we use the ray-shooting techniqu e {Schneider & Weiss 198_ 
'Kavse r. Refsdal. & StabeUl Il986t IWambsganss 1997: iDon 
2006). In this technique, a large number of light rays are uni- 
formly shot from the observer plane through the lens plane 
and then collected on the source plane and the magnification 
map of a region on the source plane is obtained by the ratio 
of the number densities of rays on the source plane to that on 
the lens plane. With the constructed magnification map, the 
light curve of an event is obtained from a one-dimensional cut 
on the map. We accelerate this process by restricting the re- 
gion of ray-shooting only in the region around the caustic and 
use a simple semi-analytic approximation in other parts of the 
source plane (Pejcha & Heyrovsky 2009; Gould 2008). In ad- 
dition, we keep the information of the positions of the light 
rays arriving at the target in the buffer memory of a computer 
so that it can be readily used for fast computation of magni- 
fications. For the source radius normalized by the Einstein 
radius, we use p^, = 0.003 by adopting the value of a typi- 
cal Galactic bulge event occurring on a bright main-sequence 
source star. 

Figure [T] shows the constructed distributions of the effi- 
ciency as grey-scale maps in the parameter space of {s,q) for 
three different threshold magnifications of Ath =10, 50, and 
100. We note that the cases with q < I and ^ > 1.0 repre- 
sent that the source trajectory approaches closer to the heavier 
and lighter component of the binary, respectively. We set the 
threshold deviation as eth = 0. 1 . 

From the distributions, we find that the efficiency is high 
for wide ranges of separation and mass ratio. For a threshold 
magnification of Ath = 100, we find that the efficiency is ~ 
100% for binaries with separations in the range of 0.1 ^ s < 
10. The region of high efficiency is substantial even for lower 
threshold magnifications. We find that the ranges of 100% 
efficiency are 0.2 s < 5 and 0.3 ^ s < 3 for events with 
magnifications greater than Ath = 50 and 10, respectively. We 
also find that the range of high efficiency covers nearly the 
whole mass-ratio range of stellar companions. 
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Fig . 1 . — Distributions of tlie binary-detection efficiency as grey-scale maps 
in the parameter space of Tlie individual panels show the distribu- 

tions for three different threshold magnifications of Ath = 10 (upper panel), 50 
(middle panel), and 100 (lower panel), respectively. The efficiency is given 
in percentage. The solid curves in the middle of each diagram represent the 
boundaries between close and intermediate and wide and intermediate bina- 
ries. 

The high efficiency is due to the existence of central caus- 
tics induced by close or wide binaries. The lensing behavior 
of a wide binary with i 1 is well described by the Chang- 
Refsdal lensing. In this regime, the width of the caustic is 
approximated as 



Then, for a wide-separation binary with s = 10 and q = 1.0, 
the caustic width is ~ 0.02 as measured by 6e- This cor- 
responds to the ^ ~ 0.03 as measured by the Einstein radius 
corresponding to the mass of the binary component to which 
the source trajectory approaches more closely, 9e- The pertur- 
bation extends outside the caustic. Assuming that the region 
of detectable perturbation extends twice of the caustic size, 
it is found that perturbations can be detected for events with 
A > 30. For close binaries, the caustic size of a binary with a 
separation s is equivalent to the caustic size of a wide binary 
with a separation . Therefore, the lower limit of the sepa- 
ration range roughly corresponds to the inverse of the upper 
Hmit.' 

' Actually, there exists asymmetry between the efficiency distributions of 
the regions with .s < 1 and .v > 1. This asymmetry is caused by the differ- 
ence of the single-lens approximations between close and wide binaries. For 
an event produced by a close binary, the light curve of the event is approx- 
imated as that of a single lens with a mass corresponding to the total mass 
of the binary. For an event produced by a wide binary, on the other hand, 
the light curve is approximated as the light curve produced by a single-lens 
event with a mass corresponding to the mass of the lens component that the 
source trajectory approaches closer and thus the Einstein radius is smaller by 

= 6»e/(1 +?)'''^. Then, although the size of the two caustics induced by a 
close binary and a wide binary with separations .s and i"' are equivalent as 
measured by Be, the caustic size measured by 6e is bigger. As a result, the 



4. IMPLICATION 

The high efficiency of the high-magnification channel in de- 
tecting binary companions has several important scientific im- 
plications. First, it implies that high-magnification events will 
provide a major channel of detecting binaries in lensing sur- 
veys that focus on high-magnification events for efficient de- 
tections of microlensing planets. Due to the location of per- 
turbations similar to those induced by planets, perturbations 
induced by binary companions will be densely monitored by 
follow-up observations. In addition, the perturbations will be 
observed with high precision since they occur when the mag- 
nification is high. Being observed with high time resolution 
and photometric precision, it will be possible to accurately 
characterize the physical parameters of the individual binary 
systems. 

Second, the sample of binaries to be detected through high- 
magnification channel will makes it possible to study the bi- 
nary distributions due to the simplicity of efficiency estima- 
tion. Unlike the accidental detections of binary events in 
previous surveys, binaries probed by the high-magnification 
channel are detected under a simple criterion that the peak 
magnification is greater then a certain threshold. As a result, 
it will be possible to statistically investigate the binary prop- 
erties. 

Another importance of the high-magnification channel is 
that it enables to detect planets in binary systems. This is pos- 
sible because both planet and binary companion produce per- 
turbations in a common central region and thus the signatures 
of both companions can be simultaneously detected in the 
light curves of high-magnification events. Two types of plan- 
ets in binaries can be detected. T he first type is a p lanet orbit- 
ing one of a wide binary system (Lee et al. 2008). The other 
type is a planet orbiting a close binary system (Han 2008). 
Planets of the former type were discovered by rad ial velocity 
surveys (lKonackill2005l; lEggenberger et al.]|2006l) . However, 
no firm detection of planets of the latter type has been re- 
ported because radial velocity surveys avoid short-term bina- 
ries as target stars. The chance to detect such planets by using 
the transit method is also very low because these planets tend 
to have wide orbits. Therefore, microlensing is an important 
method for the discoveries of planets with two simultaneously 
rising suns. 

5. DISCUSSION 

To see the efficiency of high-magnification channel to bi- 
nary events in actual lensing surveys, we search the data of 
microlensing surveys in 2009 season for binary events. From 
this search, we find that there exist 7 binary-lens events that 
were detected through the high-magnification channel. We 
list the events in Table [T] along with the lensing parame- 
ters. The fact that these events comprise 70% of all de- 
tected binary-lens events corroborates our claim that high- 
magnification events provide the major channel of detecting 
binary-lens events in current lensing surveys. For all of these 
events, the perturbations were densely observed by follow-up 
observations, enabling to characterize the binary systems up 
to the well-known close/wide degeneracy. 

efficiency is higher for wide binaries compared to close binaries with con'e- 
sponding inverse separations. The asymmetry between the distributions in 
the regions of wide binaries with ^ < 1 and ^ > 1 is caused by the fact that 
heavier companions induce larger caustics. This asymmetry does not occur 
for close binaries because the two masses are close and thus the source does 
not distinguish the two. 
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TABLE 1 
Optimal Binary Separation 



event 




9 


«o 


OGLE-2009-BLG-020/MOA-2009-BLG-0 1 1 


0.41 


0.24 


0.052 


MOA-2()09-BLG-()16 


0.21/5.98 


0.18/0.25 


0.019/0.017 


MOA-2009-BLG- 1 37/OGLE-2009-BLG-092 


2.91 


0.57 


0.096 


MOA-2009-BLG-273 


0.36 


0.79 


0.093 


MOA-2009-BLG-302 


0.51 


0.22 


0.066 


MOA-2009-BLG-406 


4.38 


1.42 


0.031 


MOA-2()09-BLG-408 


0.16/9.94 


0.33/0.95 


0.003/0.002 



Note. — Binary-lens events detected through the high-magnification channel in 
2009 microlensing survey season along with the lensing parameters. For the case for 
which the close/wide degeneracy is not clearly broken, two sets of parameters of the 
close/wide binary solutions are hsted. 



The fact that central perturbations produced by a planet and 
a binary companion occur near the peak of light curve brings 
up a question of the possibility to distinguish the two perturba- 
tions of different origins. Although both binary and planetary 
systems can produce central caustics, the resulting perturba- 
tions induced by the two lens populations are different. The 
basis of this difference lies in the difference in shape between 
the caustics of the two lens populations. The shape of bi- 
nary caustics varies such that the caustic is elongated along 
the binary axis when the separation is of order of the Einstein 
radius and it becomes more symmetric as the separation de- 
viates from the Einstein radius. For a low-mass companion 
such as a planet, the companion should be located close to 
the Einstein radius to produce noticeable perturbations. As 
a result, the central caustic induced by a planet has an elon- 
gated shape. On the other hand, the central caustic induced 
by a close/wide binary companion has a symmetric diamond 
shape. Therefore, detailed modeling of observed light curves 
enables to discriminate between the two interpretations. 

In many cases, the two types of perturbations can 
be immediately distinguished from characteristic features. 
Several su ch diagnostic features were already proposed. 
iHan & Gau di (2008) proposed a diagnostic based on the dif- 
ference in the shape of the intrapeak region of double-peaked 
high-magnification events. They found that the shape of the 
intrapeak region is smooth and concave for binary lensing, 
while it tends to be either boxy or convex for planetary lensing 
due to the existence of the small, weak cusp of the plan etary 
central caustic located between the two stronger cusps. iHanl 
(|2009) proposed another diagnostic that can be applicable to 
perturbations affected by severe finite-source effect. He found 
that the feature induced by a binary companion forms a com- 
plete annulus, while the feature induced by a planet appears as 
several arc segments. Then, the absence of a well-developed 



dip in the residual from the single-lensing light curve at either 
of the moments of the caustic center's entrance into and exit 
from the source star surface indicate s that the p erturbation is 
produced by a planetary companion. iHan et all ([2009) found 
that a short time-scale caustic-crossing feature occurring at a 
moderate magnification with an additional secondary pertur- 
bation is a typical feature of binary-lens events and thus can 
be used as a diagnostic to discriminate between the binary and 
planetary interpretations. 

6. CONCLUSION 

In this paper, we emphasized the importance of binary- 
lens events to be discovered through the channel of high- 
magnification events. Due to the high efficiency in wide 
ranges of parameter space, we pointed out that majority 
of binary-lens events will be detected through the high- 
magnification channel in current planetary microlensing sur- 
veys. In addition to the high efficiency, the simplicity of the 
efficiency estimation makes the sample of these binaries use- 
ful in the statistical studies of the distributions of binary com- 
panions as functions of mass ratio and separation. We also 
discussed other importance of these events. 
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